The growth of ultrathin films, deposited by laser ablation, crucially depends on the energy of the ablated species. Therefore, a time-of-flight ͑TOF͒ spectrometer has been constructed and measurements have been carried out in order to determine the energy distribution of laser-ablated Fe and Pt atoms and ions in the plasma created by nanosecond pulses of a frequency-doubled neodymium doped yttrium aluminum garnet laser. The experiments have been performed in ultrahigh vacuum at relatively low laser power. For measuring the spectra of the neutrals, a cross-beam electron source for postionization and electric as well as magnetic fields for repelling the ions are employed. Nevertheless, measurements of neutral particles are restricted to low plasma densities due to electrostatic shielding within the plasma, leading to an inefficient deflection of charged particles by electrostatic and magnetic fields. Test measurements have been performed by utilizing the TOF spectrometer as a pressure gauge and also by chopping the electron beam, running the TOF spectrometer as a residual gas mass spectrometer. The spectra of the laser- ͒ and hyperthermal energies up to several 10 eV, possibly contributed by recombination of ions and electrons in the plasma. Even though gas spectra had demonstrated the expected sensitivity of the TOF spectrometer for low-energy neutrals, no thermally evaporated neutral atoms could be found.
The growth of ultrathin films, deposited by laser ablation, crucially depends on the energy of the ablated species. Therefore, a time-of-flight ͑TOF͒ spectrometer has been constructed and measurements have been carried out in order to determine the energy distribution of laser-ablated Fe and Pt atoms and ions in the plasma created by nanosecond pulses of a frequency-doubled neodymium doped yttrium aluminum garnet laser. The experiments have been performed in ultrahigh vacuum at relatively low laser power. For measuring the spectra of the neutrals, a cross-beam electron source for postionization and electric as well as magnetic fields for repelling the ions are employed. Nevertheless, measurements of neutral particles are restricted to low plasma densities due to electrostatic shielding within the plasma, leading to an inefficient deflection of charged particles by electrostatic and magnetic fields. Test measurements have been performed by utilizing the TOF spectrometer as a pressure gauge and also by chopping the electron beam, running the TOF spectrometer as a residual gas mass spectrometer. The spectra of the laser- ͒ and hyperthermal energies up to several 10 eV, possibly contributed by recombination of ions and electrons in the plasma. Even though gas spectra had demonstrated the expected sensitivity of the TOF spectrometer for low-energy neutrals, no thermally evaporated neutral atoms could be found. 
I. INTRODUCTION
Since the time when pulsed laser deposition ͑PLD͒ has been first used for growing ultrathin films in 1965 by Smith and Turner, 1 significant differences compared to conventional deposition methods such as thermal deposition have been observed. The most important features of PLD are the possibility of stochiometric ablation of the target material due to the extremely high temperatures on the target surface and the improved layer-by-layer growth leading to films whose properties are often superior compared to those grown by other techniques. Therefore PLD has found applications for growing high-temperature superconducting thin films and has a potential for future applications, e.g., magnetic films, tribological coatings, etc. 2 Despite the simple setup of PLD, which uses short pulses of laser irradiation to melt, evaporate and ionize material from the target surface ͑laser ablation͒, neither the ablation process nor the processes leading to the specific properties of the films are fully understood, triggering research in this field. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In practice, a high number of variables such as the laser wavelength, fluence and spot size, or background gas are influencing the properties of the films. This work is mainly dedicated to the characterization of the particles in the plasma plume produced by laser ablation.
According to the current understanding of laser ablation by nanosecond pulses, the plasma is formed in a very short time and the particle density is high enough to absorb a major fraction of the laser light. Photoionization, multiphoton absorption, and inverse bremsstrahlung are thought to lead to ionization, with the fraction of ionized particles in the plasma reported typically between Ϸ10% and 80%. 6, [9] [10] [11] [12] [13] In contrast to thermal deposition, these ions have higher energies from several dozen eV to more than 100 eV. The high kinetic energies were rationalized by an expanding potential double layer, built up by electrons that result from the ionization processes.
14 According to this model, the ions are accelerated in the electric field of the double layer. Plasma formation occurs only within several nanoseconds during the laser pulse ͑usually 10-30 ns͒. Compared to the time of flight of the particle beam to the substrate, which is in the range of microseconds, one can assume a well-defined starting point of the plasma plume. Therefore, time-of-flight ͑TOF͒ spectroscopy is an appropriate method to determine the velocity distribution of the ablated material, since chopping the particle beam is not necessary.
Previous measurements of ultrathin Fe films grown on Cu͑111͒, mainly investigated by low-temperature scanning tunneling microscopy, have shown an enhanced layer-bylayer growth at high laser fluence and sufficiently small laser focus size and bilayer growth at large focus size, even though the deposition rate was not changed significantly 15 ͑the ablation rate is significantly different, however͒. Therefore it was suggested that the main reason for the different growth modes lies in the particle velocity distribution but not in the high instantaneous deposition rate compared to thermal deposition ͑TD͒. Layer-by-layer growth was explained with the nonthermal energy of the atoms and ions leading to implantation of Fe atoms into the Cu͑111͒ surface, whereas bilayer growth occurs at a low ion fraction or low ion energies, comparable to TD films. A TOF system is therefore a suitable tool to gain insight into the processes determining the growth of pulsed laser deposited films.
II. EXPERIMENTAL SETUP

A. Laser and vacuum system
For our experiments a Quanta-Ray Pro 290 Q-switched neodymium-doped yttrium aluminum garnet ͑Nd:YAG͒ laser at a wavelength of 532 nm has been used with a pulse width of approximately 10 ns and a repetition rate of 10 Hz. The main beam is focused onto the rotating target disk by a system of mirrors and lenses through a UV-grade fused silica vacuum window. The spot size on the target is determined by the position of lenses and can be measured by a chargecoupled device ͑CCD͒ camera mounted at the outgoing window of the TOF setup. Quoted spot sizes in this work are denoted by small, medium, and large corresponding to 2 -3 mm ͑small͒ and 5 -7 mm ͑large͒. Medium spot sizes are between these values. All experiments have been done in an ultrahigh-vacuum system with a base pressure below 10 −10 mbar.
B. The TOF spectrometer
The TOF spectrometer described in this work should be applicable for ions as well as for neutrals. For detection of neutrals, the TOF system includes an ion repeller for repulsion of the ions and an electron repeller for repulsion of the electrons in the plasma as well as a magnet for disruption of the plasma in order to enhance the deflection efficiency of the ion repeller. A 90°deflector directs the ions to the detector, which is a microchannel plate ͑MCP͒ of Chevron type ͑two plates in series͒, suitable for detection of charged particles as well as neutrals and photons with sufficiently high energy. Low-energy neutrals, as those of interest in the current work, have to be postionized to make them detectable.
Detection of ions and electrons
The MCP is not in direct line of sight, but mounted off axis ͑Fig. 1͒. This has three reasons: to reduce the deposition rate on the surface of the MCP causing degradation of the MCP, to avoid detection of UV radiation from the plasma above the target surface, and, finally, to allow us to monitor the laser focus on the target with a CCD camera mounted on the viewport at the end of the TOF tube. Therefore a 90°d eflection device, consisting of two parallel grids in a distance of 10 mm, was constructed ͑Fig. 1͒. The entry grid is grounded, while the other grid is positively biased to the deflection voltage V defl ͑usually 40-200 V͒. Between the grids, a field termination ring biased to V defl / 2 is used to obtain a homogeneous field near the edge of the deflection grid. The incident energy of ions to be deflected is limited by E cutoff = 2eV defl . Ions with higher energies can pass through the positive grid and are lost. This energy limit of deflection is well defined as long as the Coulomb interaction between the charged particles can be neglected, i.e., the plasma density is low. For higher plasma densities, shielding of the electric field, characterized by the Debye length D of the plasma, 16 has to be considered.
T e denotes the electron temperature and n e is the electron density. Even assuming an electron temperature as high as 10 eV, for a density of n e = 4 ϫ 10 15 this gives D = 0.3 mm. As the Debye length is shorter than the distance between the grid wires ͑1 mm͒, the field of the deflection grid is partly shielded and the deflection limit shifts to lower energies than E cutoff . For doubly charged ions, neglecting shielding in the plasma, the deflection limit is given by E cutoff = 4eV defl . Therefore a variation of the deflection voltage allows us to estimate the fraction of doubly or multiply charged ions. Due to shielding, only a fraction of the ions is deflected by the grid and available for detection, dependent on the plasma density and, hence, on the Debye length.
As the ion trajectories in the electric field between the deflection grids depend on the energy ͑energy dependent lateral shift͒, a grounded grid followed by a focus electrode 
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͑biased to 2%-3% of the MCP entry voltage͒ between the deflection grids and the MCP ensures a non-energy-selective detection of ions and also increases the count rate. By focusing, the small diameter of the MCP, approximately 14 mm, can be used more efficiently. The positively biased deflector grid can be also used as an electron collector to measure the total electron current in the plasma. We find that a bias voltage of 30 V is sufficient to reach saturation, i.e., to collect all electrons.
Postionization of neutral atoms
For the purpose of measuring the neutrals, a cross-beam electron source ͑Fig. 1͒ has been used for postionization. The ion current produced by electron impact ionization of a neutral atom beam with a velocity v atom is determined by the ionization probability p ion for a neutral atom passing through the electron beam of the cross-beam electron source. It is given by the equation
where I e is the electron current emitted by the e-gun, A is the cross sectional area of the neutral atom beam, and l the effective length of the electron beam ͑where it can create detectable ions͒. For Fe atoms, the maximum of the ionization cross section ͑E e ͒ is at approximately 30 eV electron energy and reaches 1.5ϫ 10 −14 cm 2 . 17 With 10 A electron current and 10 eV atom energy, this results in an ionization probability of 4 ϫ 10 −7 , referred to a particle beam of A = 2.5 cm 2 at the position of the cross-beam ionizer. According to Eq. ͑2͒, the dependence of the ionization probability on the atom velocity v atom has to be considered in the interpretation of the TOF spectra. When not correcting for v atom , our spectrometer would be a density sensitive, not a flux sensitive detector.
Low-energy neutrals, as soon as they are ionized, become easily influenced by the Earth's magnetic field and small electric fields ͑e.g., fields caused by different work functions of different materials or by electrostatic charging of the oxides on surfaces͒. Furthermore, field inhomogeneities of the deflection grids may lead to scattering of slow ions in unwanted directions. Therefore the neutrals have to be accelerated immediately after postionization. The neutrals are ionized between two grids ͑Fig. 1͒, one biased to the acceleration voltage V acc ͑usually +30 V͒ and the other at ground potential. The additional energy is given by
where d grid is the distance between the two grids and a is the length of the acceleration path, i.e., the distance between the ionization position and the grounded grid. The asymmetric arrangement of the grids with respect to the electron beam ͑d = 16.5 mm, a Ϸ 11 mm͒ ensures an ion energy as high as possible after acceleration. As the electron beam in the electric field is bent, the position of the electron-ion interaction is not exactly defined. As a countermeasure, a compensation coil was used, producing a small magnetic field to obtain a roughly linear electron beam ͑due to their higher mass, the influence of the magnetic field on the ions can be neglected͒. The electrons are caught by a V-shaped electron collector made of graphite foil, which has a low secondary electron yield as well as a low electron stimulated desorption ͑ESD͒ yield ͑few adsorbates on the surface͒. In order to reduce secondary electron emission, the electron collector has additional lamellae, which trap secondary electrons. Sometimes we also operate the e-gun at 500 eV electron energy, where the electron beam is not deflected so easily. In this case, soft x-ray radiation is possible. A system of apertures prevents detection of x-ray photons by the MCP and also helps to avoid direct trajectories of secondary ions from the positively biased holder of the acceleration grid to the MCP. These measures are helpful to increase the signal-tobackground ratio.
Suppression of charged particles for detecting neutral atoms
Considering the small ionization probability, an efficient elimination of the ions in the plasma is necessary to detect neutrals. Due to shielding of external electric fields by the plasma and due to secondary particles emitted on all surfaces exposed to the plasma, a single positive grid is not sufficient for repelling the ions in the plasma.
As a first step, we disrupt the plasma by a magnetic field perpendicular to the flight tube. Due to the Lorentz force, this magnetic field leads to a polarization of the plasma. In a simple picture, positively and negatively charged layers are formed at the edge of the plasma until a balance of magnetic and electrostatic forces is reached. Using a sufficiently strong magnetic field, the electrons can be extracted out of the plasma by simply enclosing the plasma plume by a conducting cylinder, which is the grounded flight tube. For plasma conditions of n e Ϸ 4 ϫ 10 15 m −3 and an ion velocity of Ϸ2 ϫ 10 4 m / s, we found that a magnetic field of B = 100 mT was sufficient for a significant disruption of the plasma. Given the maximal z-component of the magnetic moment z of 5.2ϫ 10 −23 J / T of Fe atoms in the ground state, the magnetic field has a negligible influence on the neutrals. To reduce the influence of the magnetic field on the electron beam and the postionized neutrals, the acceleration region ͑see above͒ has been jacketed by a high-permeability screening.
Besides the effect of plasma disruption, the magnet also influences the secondary electrons created when primary particles bombard the surface of the flight tube. Due to a decreasing energy of the electrons by every single emission process, the gyration radius likewise decreases and the secondary electron emission current decays. In order to suppress electrons creeping along the flight tube, an electron repeller ring following the magnetic field has been arranged concentrically around the plasma propagation path ͑Fig. 1͒, usually biased to −300 V. The L-shaped cross section of the electron repeller ensures a high electric field over the whole cross section of the TOF tube. The shape of the ring also prevents attraction of the deflected electrons toward the ion repeller ring ͑see below͒. This is important since electrons impinging on the ion repeller ring would cause ESD and thereby fast ions. Since secondary particle emission from the repeller cannot be completely eliminated, several apertures have been arranged in a way to capture particles emitted in straight lines from the repeller ring ͑Fig. 1͒.
Subsequent to the separation of the electrons, ions are deflected by the ion repeller ͑Fig. 1͒. In order to prevent field penetration into the accelerator unit and the electron repeller, grounded grids on both sides of the ion repeller shield the electric field. In a single particle model, ions with energies lower than the grid voltage E ion Ͻ eV grid are deflected. For a plasma ͑despite separation of most of the electrons there are still plasma conditions at the repeller grid͒, the Debye length has to be taken into account, and therefore higher voltages ͑up to 600 V͒ and a small grid mesh are necessary. The grids consist of parallel 0.02 mm Mo wires. The wire spacing of 1 mm is a compromise between the Debye length and transparency. A finer mesh with more wires could also lead to a higher emission of secondary particles from electrons hitting the grid.
Most components of the TOF system were made of stainless steel or aluminum and coated with a thin gold layer or with carbon ͑Aquadag͒ to increase surface conductivity. In order to decrease the surface available for forward emission of secondary particles, all apertures including the repeller and grid mounting rings have been fabricated with sharp edges, with the beveled side pointing toward the detector.
III. TYPICAL MEASUREMENTS
A. Electron and ion spectra
In a first test, spectra of laser-ablated ions have been recorded at different deflection voltages and have been compared to electron spectra acquired by collecting the electrons on the positively biased deflection grid ͑Fig. 2͒. Saturation of the electron current can be found at a high-enough voltage, depending on the density of the plasma. We can calculate the peak plasma density from these saturated electron spectra by n e = I e,peak ne flight A p , ͑4͒
where I e,peak is the peak current, v flight is the flight velocity corresponding to the maximum, n is the average ion charge number ͑n Ϸ 1͒, and A p is the plasma beam area given by the apertures. For a quasineutral plasma and singly charged ions, the electron density and the number of electrons per pulse are equal to those of the ions. The electron density in the maximum of the spectrum displayed in Fig. 2 is 1.2ϫ 10 16 m −3 and the number of electrons per pulse obtained by integration of the spectrum is 7.2ϫ 10 11 . Assuming a 1 / r 2 distance dependence, this corresponds to a density of 3.8ϫ 10 16 m −2 , i.e., 0.026 ML/ s at the sample position of our PLD experiments ͑10 cm from the target͒. This number is higher than the deposition rate determined there by a quartz crystal microbalance ͑0.019 ML/ s, i.e., 2.9ϫ 10 16 m −2 /pulse͒. We attribute this discrepancy to focusing of the plasma beam, as already documented in the literature, though for distances closer to the target. 18 For the detection of ions, collection at one of the electrodes is far less efficient than for electrons, and thus the MCP is used. The deflection voltage is a compromise between a complete collection of fast ions and a loss of slow ones ͑slow ions can be scattered by field inhomogeneities at high deflection voltages͒. The complete ion spectrum is the envelope of the spectra recorded at different deflection voltages. This envelope agrees well with the electron spectra measured at the deflection grid ͑Fig. 2͒. As explained above, the experimental maximum energy E max in the spectrum is lower than E cutoff = 2eV defl .
At sufficiently high laser fluences the recorded spectrum is a superposition of the single charged ion spectrum and the doubly ͑multiply͒ charged ion spectrum. As mentioned above, a variation of the deflection voltage can be used to distinguish between differently charged particles, as singly charged ions of sufficient energy are not deflected at low deflection voltages ͑Fig. 3͒.
B. Neutral spectra: Calibration and tests
Postionization and detection of neutral atoms have been tested by utilizing the TOF spectrometer as a pressure gauge on the one hand and by chopping the electron beam and thereby using of the TOF spectrometer as a residual gas analyzer. In contrast to ion detection, the flux of particles available for detection is low in the case of neutral atom detection due to the low ionization probability of electron impact ionization. Hence, the spectra of neutral atoms were measured by single pulse detection with the MCP, not by measuring the MCP output current as we did for ions.
Ionized residual gas atoms always appear as a continuous background in the neutral spectra. In order to determine the extraction efficiency of the postionization unit and the detection efficiency of the MCP, argon gas has been admitted into the UHV chamber at a pressure up to 2 ϫ 10 −8 mbar. The ionization cross section of Ar is = 2.3ϫ 10 −20 m 2 for electron energies of 500 eV. 17 The current of ionized Ar atoms I ion in the accelerating field can be calculated as follows: Due to a loss of slow ions at high deflection voltages, the complete ion spectrum can be obtained by acquiring the spectra at different deflection voltages. E max and E cutoff are the experimental and calculated cutoff energies, respectively. The peak energy E peak of the spectrum is Ϸ70 eV.
I ion = I e ͕1 − exp͓− ͑E e ͒n Ar l͔͖,
͑5͒
where I e is the electron current emitted from the e-gun, ͑E e ͒ is the ionization cross section of argon dependent on the electron energy, n Ar is the density of Ar atoms at a given pressure, and l is the effective length of the electron beam in the accelerating field. The effective length l, which is approximately 10 mm, has been determined by scanning the electron beam and simultaneously imaging the count rate depending on the deflection of the electron beam on an oscilloscope. From the data presented in Fig. 4 , the overall detection efficiency, including the detection efficiency of the MCP and the extraction efficiency of the accelerator and the 45°deflection, has been found to be 40%, a number that is comparable to the open channel area fraction of the MCP. The background count rate caused by ESD has been subtracted in the graph displayed in Fig. 4 . This clearly demonstrates that thermal neutral atoms can be measured with the expected detection efficiency using our experimental setup. As a second test, the TOF setup has been adapted for residual gas analysis by chopping the electron beam. For this purpose, a voltage of 60 V has been applied to one of the deflection plates of the electron gun, blanking out the beam by directing it at the e-gun housing. The voltage was switched off for 1 s, creating an electron pulse of the same duration ͑a compromise between time resolution and intensity͒. Due to the constant acceleration voltage and, hence, equal kinetic energy of all ions, mass dependent TOF spectra can be recorded by triggering the TOF measurement with the electron pulses. The calibration of the mass scale has been done using Ar gas ͑Fig. 5͒.
C. Laser-ablated neutrals
When measuring the neutrals induced by the laser, an unexpected result was encountered. The most obvious part of the laser-produced spectra is a distinct Maxwell-Boltzmannlike distribution peaking at 5.5 ms after the laser pulse ͑Fig. 6͒. Considering the length of the flight tube ͑403 mm until postionization͒ and the mass of platinum, which has been used as the target, this flight time corresponds to a kinetic energy of 5 meV. This energy is below the kinetic energy of a gas at room temperature and certainly not compatible with the energy of evaporated Pt. In order to identify the type of particles of this delayed peak, the TOF spectrometer has been used as a residual gas analyzer again. For each laser pulse, 16 pulses of the electron beam within the maximum of the spectrum were used, allowing us to analyze the gas leading to the unexpected signal ͑Fig. 6͒. Figure 7 shows two residual gas spectra, one measured before starting laser ablation, and the other one measured during laser ablation at the same conditions as Fig. 6 . In the laser-ablation mass spec- Residual gas spectrum recorded with the TOF spectrometer at an Ar pressure of 2 ϫ 10 −9 mbar. The high peak is a sum of a small CO 2 peak ͑more clearly seen without Ar͒ and Ar ͑electron beam 500 eV, 14 A, V acc = 30 V͒. This spectrum agrees well with the spectrum measured by a residual gas analyzer with a quadrupole mass filter. trum, the CO + peak, which appears at mass of 28, is significantly higher than in the residual gas spectrum. Therefore the delayed distribution ͑Fig. 6͒ is identified as mainly CO, which is a known adsorbate on Pt surfaces in UHV. CO could also be found with a conventional residual gas analyzer mounted in the same UHV chamber at an elevated partial pressure during laser ablation. All this indicates that CO is thermally desorbed, and the delay of the CO peak is a consequence of the slow conduction of heat, generated by the laser pulse, to nearby surface areas of the target disk at the one hand, and diffusion of the adsorbed CO molecules into the heated area of the laser spot on the other hand.
Using the TOF spectrometer in its usual operating mode ͑with a continuous electron beam͒, we have detected neutral laser-ablated metal atoms, but with a rather low count rate ͑Fig. 8͒. The constant background due to the residual gas and ESD has been subtracted. The data have been converted from time to energy scale and normalized taking the ionization probability into account. As explained above, neutral atoms with a kinetic energy of 10 eV are postionized by electrons with an ionization probability of Ϸ4 ϫ 10 −7 . Figure 8 shows a bimodal distribution of neutral atoms, but only the first peak ͑E Ϸ 10 eV͒ is proportional the electron current as expected.
In the case of formation of a Knudsen layer, the velocity v z perpendicular to the target follows a full-range MaxwellBoltzmann distribution in a center-of-mass system. 7 For a density sensitive detector this distribution is
where t is the flight time, ␤ K = m / 2k B T K , and u K is the centerof-mass velocity. The particle mass has been denoted as m and T K is roughly 0.7T S . According to Ref. 7 the temperature at the surface of the target T S can be calculated from the density sensitive energy distribution by the equation
where E peak is the maximum energy in the TOF spectrum and K is a factor dependent on the internal degrees of freedom. In our case K has been set to 2.52. 7 For the first peak in Fig.  8 , T S was determined to be 44 000 K. The vapor pressure of platinum at this temperature is clearly incompatible with the ablation rate in our experiment ͑Ϸ1 nm per 10 ns pulse in the maximum-intensity areas of the laser beam͒.
In neutral detection mode, i.e., with the plasma disruption magnet and all repellers on, no counts should be detected when the e-gun is not operating. In particular, if the deflection grid is grounded, no ions should be measured at the MCP due to the missing deflection, independent of all other settings ͑except possible counts due to UV photons and ions deflected by collisions with the grid͒. Nevertheless, Fe as well as Pt spectra show a residual peak ͑fast neutral peak in Fig. 8 , E Ϸ 21 eV͒, in spite of the repelling field, the plasma disruption magnet and zero voltage at the deflection grid. Measurements have shown that this peak does not de- pend on the presence of additional magnetic or electric fields in the flight tube. The independence of the count rate on the positive or negative voltage applied to the acceleration grid confirms that the particles causing the second peak in Fig. 8 are neutrals. The only conceivable explanation is ionization of neutrals by collision with the deflection grid or other nearby surfaces. After surface ionization at the deflection grid, the count rate at the MCP can be influenced by electric fields ͑e.g., deflection voltage, focusing voltage͒, and we have indeed observed this experimentally. At sufficiently high voltages, the focusing field counteracts the attractive force of the negative MCP and the count rate drops to a low remaining peak, which can be attributed to scattered real neutrals with sufficiently high energy to excite the MCP. In the proposed scenario, resonant ionization of metastable Fe * or Pt * and/or electron promotion in quasimolecular collisions of Fe or Pt atoms with surface atoms of the grids can be considered as an explanation of the surface ionization effect. Considering the source of the excited Fe * or Pt * atoms, both excitation of atoms in the plasma and ion-electron recombination in the plasma, leading to a formation of fast neutrals, are possible. Due to the low energy of the incident atoms ͑up to a few tens of eV͒ electron promotion is rather unlikely and due to the low lifetime of the ions above the surface ͑reso-nant neutralization͒ both processes are expected to have low probability, however. Another explanation for the ionization of last neutrals could be atoms in high Rydberg states passing so closely to a grid wire that only the outer electron hits the wire. As the fast neutrals are not postaccelerated by the acceleration grid, the time-to-energy transformation used for Fig. 8 is not valid for these particles. Hence, the fast neutral peak appears at too low an energy; their true energy is about 37 eV and coincides with the energy of the ions in this experiment. Also the correction for the energy dependent ionization probability is not valid for neutrals that are not ionized by the electron beam. Therefore the fast peak appears too high in Fig. 8 , possibly by a few orders of magnitude, otherwise we should be able to detect these particles also by electron beam ionization.
Coming back to the first peak in Fig. 8 , using the sensitivity of the TOF setup determined for Ar gas, we can quantify the amount of neutrals per pulse. Comparison with the electron signal shows that the neutral fraction is only in the 10 −3 -10 −4 range ͑7 ϫ 10 8 atoms per pulse for Fig. 8͒ , i.e., the laser-ablated atoms are almost 100% ionized. The energy of the neutrals, typically around 10 eV, as well as the temperature obtained by Eq. ͑7͒ are clearly incompatible with thermally evaporated target material. Apart from the delayed CO peak ͑see above͒, no other thermal species could be found in the laser-ablated spectra, in particular, no indication of thermal Fe or Pt atoms.
Considering all the arguments above, none of the peaks in Fig. 8 relates to thermal laser-ablated neutrals. Given their energy, the fast neutrals must be attributed to ions neutralized in the plasma plume. A possible explanation for the slower neutrals, having a kinetic energy of Ϸ10 eV, could be neutralization of ions in a very early stage, before they have reached their final energy.
IV. COMPARISON WITH PREVIOUS RESULTS
Concerning the ion energies, our results are in line with the literature, where all studies agree that energies of tens up to Ϸ200 eV are typical for laser fluences not too far above the ablation threshold. Neutrals are more difficult to measure, and results in the literature vary between thermal energies of In atoms ablated at extremely low laser fluence, 5 around 1 eV for Te ablated from ZnTe, 19 a few eV for Ba ͑Ref. 20͒ and Ϸ80 eV for Al ablation at a laser fluence of a few times that of the ablation threshold. 21 Compared to the ion fractions reported in the literature, the extremely high degree of ionization found by us ͑99.9% or more͒ is somewhat astonishing. We have to note, however, that our measurements only concern particles emitted perpendicular to the target. It is conceivable that the material emitted in other directions has a lower degree of ionization. For a highly ionized plasma, we must also note that a quantitative measurement of the neutrals as in our study should be more accurate than most other studies, 6, [9] [10] [11] [12] where the ablation or deposition rate and the ion flux was determined and the difference was taken as the amount of neutrals. Depending on the exact type of the measurements, these can be influenced, e.g., by incomplete collection of the ions due to shielding in the plasma or by limited accuracy when determining the angular distributions of the ions, e.g., due to roughening of the target. We should also note that some authors 13 only give lower limits for the ion fraction, thus their results are not incompatible with almost 100% ionization.
V. CONCLUSIONS
In summary, we have constructed a TOF spectrometer that allows us to measure the energy distribution of laserablated ions and neutrals. In the case of the ions, we can measure the overall spectrum by either assuming charge neutrality of the plasma and using the deflection grid as an electron collector or by measuring the true ion spectrum with the MCP at different deflection voltages. Concerning the maximum of the energy distribution of the laser-ablated ions, it is sufficient to measure one of those spectra. In the case of thermal neutrals we have shown that the TOF system is applicable for the detection of pulsed neutral particle beams. Nevertheless no thermal metal atoms could be found in the laser-ablated spectra, and an astonishingly low neutral fraction was found. These results question the model of evaporation and subsequent ionization for explaining the plasma formation in laser ablation.
